Treatment of human immunodeficiency virus (HIV)-infected patients with antiretroviral therapy (ART) leads to restoration of CD4
+ T cells with recovery of an adequate immune response to pathogens and dramatic improvement of morbidity and mortality. A subset of treated patients (7%-50%), however, will deteriorate clinically despite control of HIV viremia and develop immune reconstitution inflammatory syndrome (IRIS), with worsening manifestations of underlying opportunistic infections (OIs) or neoplasia (paradoxical) or with abrupt and frequently atypical presentation of an occult OI or neoplasia (unmasking) [1] . IRIS is more common in persons starting ART at low CD4 counts and in the presence of an active infection [2] . Studies have also suggested that higher antigen burden may be an important risk factor, especially in mycobacterial IRIS (myco-IRIS) [3] . Standard practice currently calls for immediate ART initiation upon HIV diagnosis regardless of CD4 count [4] , and results of randomized controlled trials support concurrent initiation of ART with OI treatment to improve outcomes [5] [6] [7] . Based on these recommendations, rates of IRIS especially related to tuberculosis (TB) may rise in places where HIV diagnoses occur at low CD4 counts [8, 9] , and elucidation of IRIS immunopathogenesis thus becomes of utmost importance to develop targeted therapies.
Molecular imaging using 18 F-fluorodeoxyglucose positron emission tomography (FDG-PET) can provide a metabolic map of various organs, indirectly reflecting immune activation and/or responsiveness to treatment. FDG-PET has already been used to better understand HIV pathogenesis, demonstrating increased metabolic activity in lymph nodes (LNs) of viremic untreated persons [10] [11] [12] , to follow TB treatment response [13] [14] [15] and to potentially identify HIV-infected persons who may reactivate latent infection [16] . The potential utility of FDG-PET is further supported by the role of glucose transporter 1 (Glut-1) in HIV. Glut-1, the most common glucose transporter in humans, is overexpressed in tumors due to increased nutritional demands resulting in a shift from oxidative phosphorylation toward aerobic glycolysis (Warburg effect) [17] . A similar glycolytic shift has been recently recognized in activated macrophages [18] and T lymphocytes [19, 20] . This role is even more important in TB [21, 22] , with Glut-1-positive staining observed in 9 of 10 cases of pulmonary TB [23] . Finally, glucose metabolism and glycolysis are favored energy sources in effector CD4 T-cell and inflammatory macrophages, making glycolysis the likely central metabolic pathway in IRIS pathogenesis.
In this report, we prospectively evaluated the association of FDG-PET and IRIS development in ART-naive, HIV-infected patients initiating ART to determine potential predictors of IRIS and explore association of FDG uptake to various inflammatory markers. In addition, we assessed increased metabolic activity in various organs of interest and their changes after ART initiation, to gauge the impact of virologic suppression on those organs that could represent potential metabolically active HIV viral reservoirs.
MATERIALS AND METHODS

Study Design
The study was approved by the Radiation Safety and National Institute of Allergy and Infectious Diseases ethics committees (PET Imaging and Lymph Node Assessment of IRIS in Persons With AIDS [PANDORA], ClinicalTrials.gov registration NCT02147405), and all participants signed informed consent. All procedures were in accordance with the Helsinki Declaration of the World Medical Association.
This was a prospective observational study of HIV-1-infected adults with the primary objective to evaluate PET imaging and tissue biopsies in IRIS. Eligible participants had CD4 T-cell counts <100 cells/µL, were naive to ART, and were willing to start therapy. ART was initiated according to standard treatment guidelines, usually within 2 weeks from study enrollment.
FDG-PET Imaging
FDG-PET scans were performed prior to ART initiation, and 4-8 weeks after ART initiation, on a PET-computed tomography (CT) scanner (Biograph-128 Micro-CT, Siemens Medical Solutions). Approximately 58 minutes following the injection of 10 mCi of 18 F-FDG, each patient was positioned on the scanner table and a low-dose CT scan was performed from the base of the skull to the upper thighs for attenuation correction and anatomical localization. Emission scans were then obtained in 3-dimensional mode, in multiple bed positions, each lasting 10-15 minutes. Images were reconstructed with an iterative technique using an ordered subset expectation-maximization algorithm.
Quantification Analysis of FDG PET/CT Studies
Radiologists assessing the images were blinded to the patients' diagnoses (IRIS vs non-IRIS). Pathologic and organ-specific FDG uptake throughout the body was assessed using MIM Vista workstation (version 6.5.9).
Whole-body Pathologic FDG Uptake Measurement
A volume of interest (VOI) encompassing the entire body was drawn and subsequently a standardized uptake value (SUV) threshold-based automatic approach was applied to include all sites of increased metabolic activity. The applied framework enables automatic generation of individual VOIs encircling all areas with FDG uptake above the SUV threshold that is set by the user (Figure 1 ). We chose an SUV threshold of 4, based on qualitative assessment of best value to include the majority of pathologic uptake in most patients. Afterward, areas with physiologic FDG uptake within the all-inclusive VOI were manually excluded. Finally, the following parameters of the finalized VOI were automatically generated per patient, before and after treatment: maximum SUV (SUV max ), average SUV (SUV mean ), total lesion volume (TLV), and total glycolytic activity (TGA = SUV mean × TLV).
Organ-specific VOIs
VOIs were drawn in the bone marrow (BM), liver, spleen, and axillary LNs and copied to the pre-and posttreatment FDG scans after automatic coregistration of the scans. SUV max and SUV mean were then generated for the VOIs and compared. Bone marrow values were obtained from VOIs drawn over the L5 vertebra and left iliac wing.
Cytokine Measurements
Cryopreserved plasma was used from baseline and a time point proximal to the second FDG-PET scan. Samples were analyzed by enzyme-linked fluorescent assay on a VIDAS instrument for D-dimer (bioMérieux, Durham, North Carolina) and enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, Minnesota and MyBiosource. com, San Diego, California, respectively) for soluble CD14 (sCD14). Plasma levels of interferon gamma (IFN-γ) (lower limit of detection [LLD] = 0.40 pg/mL), tumor necrosis factor (TNF) (LLD = 0.09 pg/mL), myeloperoxidase (MPO) (LLD = 0.07 ng/mL), MCP-1 (LLD = 0.11 pg/mL), sPD1 (LLD = 0.00 pg/mL), sCD14 (LLD = 2.5 mg/L), interleukin 2 (LLD = 0.38 pg/mL), interleukin 6 (IL-6) (LLD = 0.18 pg/ mL), interleukin 8 (LLD = 0.16 pg/mL), and interleukin 10 (LLD = 0.09 pg/mL) were measured using a custom multiplex kit and 2 single-plex kits by electrochemiluminescence (Meso Scale Discovery, Gaithersburg, Maryland). Results from interleukin 1β and interleukin 12p70 were at or below the LLD and were excluded.
Flow Cytometry Analysis
Immunophenotyping of cells was performed using fluorochrome-conjugated monoclonal antibodies against CD3, CD4, CD8, and CD14 (BD Bioscience, San Jose, California or eBioscience, San Diego, California). Surface Glut-1 receptor expression was detected by binding to the Glut-1 ligand fused to enhanced green fluorescent protein (GFP) as previously described [24, 25] 
Statistical Methods
Comparisons of baseline values and change from baseline to post-ART initiation were performed between IRIS (n = 10) and non-IRIS patients (n = 20), and between myco-IRIS (n = 6) and non-IRIS (n = 20) patients using nonparametric tests (Wilcoxon rank-sum test and Fisher exact test), which are typically more conservative than parametric tests. The primary focus was on the whole-body pathologic FDG uptake (SUV mean , SUV max , TGA, and TLV). The criteria for statistical significance for this primary comparison were set to P < .05, without adjustment for multiplicity because of the small sample size and the exploratory nature of this pilot study. The hypotheses evaluated here were largely part of a similar process, introducing correlated hypothesis tests and summary measures (eg, SUV max and SUV mean ), making a Bonferroni correction (which assumes independent hypothesis tests) conservative [26] . Organ-specific SUV values were similarly compared, as were clinical laboratory measurements, plasma cytokine levels, and markers of immune activation and inflammation. Markers of immune activation and inflammation were correlated with whole-body pathologic FDG uptake using a Spearman rank correlation analysis. These correlation estimates were exploratory and considered significant if P < .01, unless the P value was consistently <.05 across >1 of the various imaging parameters evaluated. Delineation method for estimating whole-body pathologic uptake values (lesion load). All regions with standardized uptake value (SUV) >4 are first automatically delineated throughout the regions of interest. This is followed by manual exclusion of regions of physiologic uptake, such as the myocardium, kidneys, and bladder. The final contour represents the whole-body pathologic 18 F-fluorodeoxyglucose uptake for the patient. Mean SUV, maximum SUV, total glycolytic activity, and total lesion volume are then calculated. Note that in this patient, myocardial SUV values were below the threshold of 4 and thus the heart was not included in the comprehensive volume of interest and did not need to be excluded afterward. Abbreviations: FDG, 18 F-fluorodeoxyglucose; SUV, standardized uptake value.
Receiver operating characteristic (ROC) curve analyses were conducted using a nonparametric ROC curve estimator, with the corresponding test of statistical significance of the area under the ROC curve (AUC) using pROC in R [27] . All the analyses were conducted using R (version 3.3.2) and SAS (version 9.4) software.
RESULTS
Participant Characteristics and IRIS Events
Thirty ART-naive, HIV-infected patients (22 male, 8 female) were recruited from the greater Washington, D.C., area and their HIV clinical care was provided at the National Institutes of Health Clinical Center. The baseline characteristics of study participants are listed in Table 1 Tables 1 and 2 . Among those with IRIS, 6 patients were diagnosed with myco-IRIS. Two IRIS patients were characterized as having paradoxical TB central nervous system (CNS) IRIS-that is, they had disseminated TB at baseline and manifested CNS involvement during IRIS presentation. The myco-IRIS patients had lower hemoglobin and higher plasma HIV viremia compared with the non-IRIS group (Table 1 ). All participants experienced CD4 increases and plasma HIV viremia suppression at the time the second FDG-PET (Supplementary Figure 1) was performed.
Whole-body Pathologic (Nonphysiologic) FDG Uptake Across Groups
Whole-body pathologic (nonphysiologic) SUV max , TGA, and TLV values were significantly higher at baseline in IRIS and in myco-IRIS compared with non-IRIS patients (Table 2) . After ART initiation, non-IRIS subjects showed an average drop in TGA and TLV values of 33.7 and 3.96, respectively. In contrast, IRIS and myco-IRIS subjects showed an average increase in TGA and TLV values (increase of 102.2 and 20.27 for IRIS and 439.5 and 84.65 for myco-IRIS, respectively; Figure 2 ). The differences, however, did not reach statistical significance.
Organ-specific Metabolic Activity Measurements at Baseline
At baseline, myco-IRIS patients had significantly higher SUV mean in the spleen (P = .031) and BM (P = .036) compared with the non-IRIS group (Figure 3) . Otherwise, all target organs (BM, spleen, and axillary LNs), except the liver, had higher average SUV max and SUV mean values in the IRIS group compared with the non-IRIS group; however, this was not statistically significant ( Figure 3 ).
Organ-specific Metabolic Activity Changes After ART
In the non-IRIS group, SUV mean in the spleen (Table 3 and Figure 4A ) and BM (Table 3 and Supplementary Figure 2A ) decreased significantly after ART treatment (P = .009 and P = .003, respectively), whereas in the IRIS group, only SUV mean of the axillary LNs decreased significantly after treatment (P = .027) (Table 3, Figure 4B , and Supplementary Figure 2B) .
Associations of Whole-body Pathologic FDG Uptake With Soluble Biomarkers
Patients with myco-IRIS showed significantly higher D-dimer (P = .019), IFN-γ (P = .026), and borderline elevated IL-6 (P = .042) and MPO (P = .042) at baseline compared with non-IRIS patients (Supplementary Table 3 ). At baseline, whole-body pathologic SUV max , TGA, and TLV values measured in all 30 patients correlated positively with TNF, IFN-γ, and sCD14 levels whereas SUV max and SUV mean had also a positive correlation with MPO ( Figure 5 ). When the IRIS group was analyzed separately, whole-body pathologic SUV max again showed a positive correlation with the levels of TNF, IFN-γ, and sCD14 (Supplementary Figure 3) . Whole-body pathologic SUV max in the myco-IRIS group correlated with C-reactive protein (CRP) and sCD14 (Supplementary Figure 3) .
After the initiation of ART, the change in TGA and TLV of whole-body pathologic FDG uptake correlated with IFN-γ (P = .002 and P = .007, respectively) and TNF (P = .004 and P = .009, respectively).
Defining Threshold for Development of IRIS/Myco-IRIS Based on Baseline SUV max Values
Using SUV max values of whole-body pathologic uptake at baseline, we found that the optimal cutoff value for differentiating IRIS from non-IRIS, in this dataset, was 11.98, with 100% sensitivity and 50% specificity. We also found that the optimal SUV max cutoff value for differentiating myco-IRIS from non-IRIS was 18.07, with 100% sensitivity and 70% specificity. The cutoff values were chosen to minimize the combined false-negative and false-positive rates. The AUC values for SUV max were 0.80 and 0.87, reflecting good accuracy in respectively separating IRIS and myco-IRIS from non-IRIS subjects. The AUC for SUV max was higher (albeit not statistically significant) than that for CRP, IL-6, MPO, IFN-γ, TNF, and sCD14 (Supplementary Figure 4) . 
Expression of Glut-1 in T Cells and Monocytes
The proportion of CD4 + T cells ( Figure 6A and 6C) and monocytes ( Figure 6B and 6D) expressing Glut-1 was not significantly different between groups pre-ART. Post-ART initiation, however, non-IRIS subjects had significantly lower proportions of CD4 + T cells and monocytes expressing Glut-1 compared with IRIS (P = .022 and P = .008, respectively) and myco-IRIS participants (P = .009 for both; Figure 6 ). In the subset of participants who underwent PET scans and had Glut-1 staining (n = 11), CD4 + T-cell Glut-1 expression pre-ART positively correlated with TGA (r = 0.65, P = .034) and monocyte Glut-1 expression post-ART positively correlated with SUV max (r = 0.66, P = .03).
DISCUSSION
In our study, we used FDG-PET/CT to prospectively evaluate ART-naive HIV-infected patients with severe lymphopenia and underlying infections prior to treatment initiation, to assess potential predictive value for IRIS development. Testing the hypothesis that lesion load and its colocalizing immune response, both of which are associated with increased metabolic activity, could be a predisposing factor for IRIS [3] , we measured quantitatively whole-body pathologic FDG uptake. Whole-body pathologic total glycolytic activity values and total lesion volumes were significantly higher at baseline in patients who eventually developed IRIS, suggesting higher immune response possibly driven by more active or disseminated infection. TGA and TLV differences were more striking in mycobacterial IRIS, probably due to the pathogenic involvement of activated macrophages in mycobacterial infections. Despite the small sample size, ROC curves for SUV max seemed promising to identify patients at risk for IRIS (especially mycobacterial), performing overall better than other inflammatory biomarkers, but larger studies are needed to validate this finding. A sensitive test could be useful to exclude patients from IRIS prevention clinical trials, for example, or from more intense monitoring. Considering that only a small fraction of T lymphocytes are present in peripheral blood while most reside in lymphoid tissues, imaging modalities that can capture the activity of immune cells in lymphoid tissues or effector sites could be helpful in better understanding the pathogenesis of IRIS [28] . In addition, antigen-presenting cells are not represented in peripheral blood and can be highly active metabolically in lymphoid organs and BM. We found that mean organ metabolic activities in the BM, axillary LNs, and spleen were uniformly higher at baseline in IRIS compared with non-IRIS patients, reaching statistical significance in the BM and spleen in the mycobacterial IRIS group. This is consistent with a prominent role of myeloid cells in IRIS pathogenesis, potentially reflecting abundant activated macrophages. Findings in the BM of IRIS patients could also partially reflect increased numbers of proliferating and maturing erythrocytes (IRIS patients were more anemic), although involvement by the infectious/neoplastic ongoing process cannot be excluded. In fact, in 1 patient with mycobacterial IRIS who underwent a BM biopsy, there was evidence of TB involvement with nonnecrotizing granulomas. The prominent role of activated myeloid cells in IRIS was also supported by the fact that while BM and spleen SUV mean values decreased significantly after treatment in non-IRIS patients, consistent with HIV viremia induced immune activation as previously described [10] , they did not change significantly in IRIS patients. In addition, correlations of the whole-body pathologic FDG uptake with IFN-γ, TNF, sCD14, and MPO, were also noted in our patients at baseline, shedding more light on the inflammatory pathophysiology of IRIS and its relationship to metabolic activity of mostly T lymphocytes and myeloid cells.
Increased glycolysis, initially described in cancer (Warburg effect), is the metabolic signature of effector and T-helper 1 F-fluorodeoxyglucose uptake with inflammatory cellular and soluble biomarkers measured in all patients at baseline. Correlations for maximum standardized uptake, mean standardized uptake, total glycolytic activity, and total lesion values are shown. Abbreviations: CRP, C-reactive protein; GM-CSF, granulocyte macrophage-colony-stimulating factor; FDG, 18 F-fluorodeoxyglucose; IFN, interferon; IL, interleukin; MCP-1, monocyte chemoattractant protein 1; MPO, myeloperoxidase; sCD14, soluble CD14; sPD-1, soluble programmed death receptor-1; SUV max , maximum standardized uptake; SUV mean , mean standardized uptake; TGA, total glycolytic activity; TLV, total lesion value; TNF, tumor necrosis factor. cell responses as well as inflammatory macrophages driven by IFN-γ [21, 29, 30] . Upregulation of key glycolytic enzymes and increased glucose transport in the setting of TB especially has also been recently described [21, 22] . In support of increased glycolysis in activated immune cells in IRIS and mycobacterial IRIS, we found significantly higher CD4 + T-cell and monocyte Glut-1 expression in IRIS/myco-IRIS subjects compared to non-IRIS subjects after ART initiation. Further study of the metabolic pathways involved in IRIS inflammation is thus warranted to identify possible targets for intervention.
The limitations of our study include a small sample size that restricted a more robust assessment of predictive utility of FDG-PET in IRIS, despite being a relatively large study for FDG-PET/CT imaging in HIV-infected patients. In addition, the number of hypotheses tested may have led to a higher proportion of false-positive findings. Another limitation is the lack of direct evaluation of infection sites such as lungs or involved LNs by biopsy to confirm the findings of Glut-1 expression, which should be further explored.
The ability to predict IRIS based on clinical and imaging biomarkers prior to initiating treatment can allow for closer monitoring and earlier treatment (corticosteroid administration), to curtail potential morbidity and mortality. A beneficial effect of prednisone in myco-IRIS has already been demonstrated, reducing hospitalization rate and hastening recovery [31, 32] , paving the road for an ongoing large randomized, double-blind, placebo-controlled trial of prophylactic prednisone in patients with risk for paradoxical TB-IRIS [33] . In addition, understanding the role of metabolism in HIV-associated inflammation may unravel new therapeutic targets, such as the mammalian target of rapamycin pathway, with more specificity and less immunosuppressive potential compared to the standard of care.
In conclusion, FDG-PET could represent a valuable imaging modality in HIV-infected patients at risk of developing IRIS upon starting treatment. An activated immune system along with higher lesion load and metabolic activity appeared to be linked to inflammation and IRIS development. Patients with such findings on FDG-PET might benefit from closer observation, more intensified treatment of underlying infection, and earlier treatment initiation to decrease IRIS-associated morbidity. Further studies evaluating the intersections of metabolism and immunity and their topography in HIV inflammatory responses may be informative in deciphering the involved pathways and potential therapeutic targets.
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